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Introduction

M
ongolian gerbils (Meriones unguiculatus) are useful for studying brain ischemia because they have anatomical anomalies in the circle of Willis (CoW 1 ), a formation of interconnecting vertebrobasilar and internal carotid systems of vessels, located at the base of the brain (Duszczyk et al. 2009; Ginsberg and Busto 1989; Hossmann 1998; Levine and Payan 1966; Li et al. 2004; Molldrem and Tanumihardjo 2004) . The posterior communicating arteries (PCoAs 1 ), which in all other mammals would normally connect the two vertebral arteries posteriorly (through the basilar artery) and the two internal carotid arteries anteriorly, are absent in most gerbils. In addition, anastomosis of the anterior communicating arteries (ACoAs 1 ) is completely absent in about 30-40% of the gerbil population. Therefore, ligation of the common carotid artery (CCA 1 ) in the neck of gerbils can result in ipsilateral ischemic lesions in the brain and/or eye in over half the subjects (with the contralateral hemisphere serving as an internal control). CCA ligation in gerbils is simple, brief, and minimally invasive and requires relatively little manipulation of neck and intracerebral vessels. Both ischemia and ischemia/reperfusion models are easy to perform and do not require a lot of equipment.
Since the report by Levine and Payan in 1966 , many scientists have used gerbils to study the mechanisms of cerebral ischemia (Janac et al. 2008; Taguchi et al. 2008) . Unfortunately, only 30-40% of the animals in these studies have shown neurological deficits after unilateral carotid arterial occlusion (UCO 1 ) (Donadio et al. 1982) . Other studies have focused on the correlation of the degree of hemispheric ischemia and the degree of anastomosis between the anterior cerebral arteries (ACAs 1 ) and the ACoAs and PCoAs Kitagawa et al. 1989 Kitagawa et al. , 1998 Mayevsky and Breuer 1992) . Scientists have also recently found that differences in the cerebrovascular anatomy of the Mongolian gerbil are associated with behavioral and histological variability in the animal (Laidley et al. 2005) .
Because the pattern of ischemia is unpredictable based on the gerbil's anatomy, many studies designed methods to predict the degree of cerebral ischemia after a UCO (Delbarre et al. 1988; Kitagawa et al. 1989; Oostveen et al. 1992) . However, these methods were not useful for predicting either the patterns of ACoA and PCoA or the severity of post-UCO symptoms. Instead, a more consistent CoW anatomy may predispose the animals to more consistent ischemia. Therefore, selectively
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ILAR e-Journal breeding a gerbil population in which the CoW is completely absent may be a better way to reduce ACoA and PCoA variation. We aimed to (1) study the anatomy of the brain vasculature in our gerbil population and identify heritable characteristics of CoWs and (2) use the results of this study to selectively breed an ischemia-sensitive gerbil group.
Materials and Methods
Animals and Housing
We obtained 413 Mongolian gerbils (from an outbred stock at the Capital Medical University, referred to as the CMU group) and housed them with four to five gerbils per cage under standard laboratory conditions (room temperature, 20-24°C; relative humidity, 50-70%; 12:12 light/dark cycle) with free access to a commercial rodent diet and water. Access to the room was restricted to reduce unnecessary stress on the animals, which are sensitive to changes in their environment. The local animal welfare committee approved all of the experiments and procedures.
Focal Cerebral Ischemia Model
We divided the 413 gerbils from F1-F5 (ages 2½-3 months) into two groups: the experimental group (n = 398) and the sham-operated control group (n = 15). The experimental group was anesthetized with isoflurane (induced by 3%, maintained with 2%, 30% O 2 /70% N 2 O) in preparation for a ventral midline cervical incision to expose the right CCA. We tightly wrapped the CCA with a 4/0 silk thread, confirmed blockage of blood flow, and placed each animal in an individual cage after closing the incision with glue. Using a heated blanket we maintained the cage temperature at approximately 36.5°C until the animals were awake.
So that we could evaluate the effects of surgical stress on the brain, the sham-operated group underwent the same procedures and received the same treatment as the experimental group except for the ligation of the right CCA. After confirming that the operation had no influence on the animals' neurological symptoms, we did not use the sham-operated group for subsequent evaluation.
We observed the post-CCA gerbils for 24 hours after surgery and rated them according to the scale proposed by Longa and colleagues (1989) We observed the animals for approximately 24 hours after they awoke from surgery, scored their behavior, and then all of the living animals (both experimental and sham-operated) were euthanized with an overdose of pentobarbital (150 mg/kg, intraperitoneal injection). Through a ventral midline cervical incision to expose the right CCA, we removed the silk thread in each experimental animal. Animals that did not die within 24 hours after the procedure were perfused transcardially with heparinized saline, followed by 10% formalin and then a transcardial injection of 1.5 ml of a mixture of 3% gel and 0.5% Evans blue. The brains were left in situ for 10 minutes and then removed. We evaluated the PCoA and ACoA using a dissecting microscope (Leica EZ4) and took photos. The brains of the 31 animals that died within 24 hours could not be perfused transcardially; we removed and evaluated them using a dissecting microscope.
Selective Breeding of Gerbils
Ten weaned 1-day-old gerbils were selected from the original CMU group to mate and were paired in five separate cages to breed. After the animals produced the first litter, the mature animals (2½-3 months) of that litter underwent UCO. The animals were transcardially perfused and we observed the anatomical characteristics of their CoW. After the anatomical processes and the patterns of the ACoAs and PCoAs in the first litter were confirmed, a second or third litter (if the number of the second litter was smaller or if the male/female ratio was not balanced) was produced. Once this litter matured, the animals were mated either within the same litter if the first litter had severe or moderate UCO ischemic symptoms or with animals in other litters of parents whose first litter showed such symptoms. After this process, the parents' CCAs were occluded and transcardially perfused so that we could study their brain vasculature anatomy and compare it with that of their progeny. Selective breeding by mating progeny for approximately five generations yielded the ischemia-sensitive gerbil group. We recorded and scored post-UCO neurological symptoms and recorded the CoW patterns of every animal of every generation.
Statistical Analysis
All data discussed are based on the 398 post-UCO gerbils. Using Pearson's chi-square test (software SPSS11.5), we examined the relationships of CoWs between parents and their offspring and scored them accordingly.
Results
Neurological Evaluation
The 15 gerbils in the sham-operated group initially decreased their movement but returned to normal activity, accessing food and water, within 24 hours after surgery. They showed no neurological symptoms and were scored 0 on the Longa scale (Table 1) . The 398 post-UCO gerbils showed a variety of focal cerebral ischemia symptoms (Figure 1 ): decreased activity, right or left ptosis or blindness, repeated mild or severe circling, torsion of the neck and seizure, contralateral hemiparesis, retroflexion, and depressed level of consciousness and death; as shown in Table 1 , 31 animals died within 24 hours after the procedure.
Variations in CoWs
There are four patterns of ACoA in gerbils (Figure 2) : I: the ACoA is complete and connects to the two hemispheres via the central ACAs II: the left branch of the ACoA is completely missing; there is no connection between the ACAs and the pericallosal artery originates from the left side of the ACA III: there is a small connection between the ACAs and the diameter of the left branch of the ACoA is much smaller than that on the right IV: same as type III but the diameter of the right branch of the ACoA is much smaller Figure 3 shows the four types of PCoA patterns:
A: complete PCoAs connect to the posterior cerebral artery (PCA) and the superior cerebellar artery (SCeA) B: no PCoAs connect to the PCA and SCeA C: the diameter of the left PCoA is much smaller or the left branches are missing D: the diameter of the right PCoA is much smaller or the right branches are missing (i.e., a mirror image of type C) We statistically analyzed the CoW variations according to these criteria and by combining PCoA types A or B with different types of ACoAs to determine the relationship between these variations and the animals' symptoms (as rated on the Longa scale). Table 2 shows the proportions of different patterns of PCoAs and ACoAs. ACoA pattern types I, II, and III make up 55.5% of the 398 gerbils, and PCoA types B, C, and D account for 70.1% of the animals.
2 Types A and B of the PCoA patterns combine with ACoA patterns to form eight patterns of CoWs, illustrated in Figure 4 . 
Symptoms in Gerbils with Different ACoA Patterns
We evaluated the percentages of four neurological symptomsleft or right lateral circling, left or right ptosis-in the post-UCO gerbils for evidence of a correlation with the three incomplete ACoA patterns (Table 3 ). There is no correlation between the frequency of left or right lateral circling and the three incomplete ACoA patterns, but the frequency of right lateral circling in the type II animals was significantly higher than in the other two types ( p < 0.05), as was the frequency of right ptosis (p = 0.002 vs. p = 0.000 and p = 0.011 for types III and IV, respectively). The other neurological symptoms were not significantly different among the animals with incomplete ACoA patterns.
Selective Breeding of Ischemia-Prone Gerbils
Our study of 398 gerbils-51 parents and their offspring from F1 to F5-revealed that their CoW patterns are genetically transmissible: if the CoW patterns of the parents are complete, those of the offspring are also complete; if they are incomplete (i.e., one of the variations shown in Figures 2-4) , those of the offspring vary. Heritability of ACoA and PCoA patterns varies by parent: ACoA types in mothers are consistent with those of 60.4% of their offspring, and in fathers and offspring, 48.2%. The Pearson chi-square test reveals a significant difference between these two percentages (p = 0.015). In contrast, the consistency of PCoA types in parents and offspring was not significantly different (p = 0.055). We also observed that the percentages of post-UCO animals that showed neurological signs of ischemia increased according to the number of generations of selective breeding: among F1 gerbils 40% showed neurological symptoms, whereas 75% of F5 gerbils in the ischemia-prone group showed symptoms-the percentage of UCO cerebral ischemic animals with a neurological score of 2 and above increased with the number of breeding generations ( Figure 5 ). And as selectively bred generations of the latter increased, so did the percentages of incomplete CoWs: from F1 to F5 the occurrence of ACoA types II, III, and IV rose from 35% in the F1 gerbils to 63% in the F5 animals, and types B, C, and D of the PCoA patterns rose from 55% (F1) to 81% (F5) ( Table 4 ). 
Discussion
Patterns of PCoAs and ACoAs in Gerbils
There are several advantages to the Mongolian gerbil UCO model of focal cerebral ischemia (the model is also suitable for evaluation of drugs for cerebral ischemia; Jarrott and Domer 1980). First, in studies of transient focal ischemia, the contralateral hemisphere can be used as a more accurate and convenient internal control than an external control. Second, it is easy to study ischemia-reperfusion infarctions with the use of clamps. There are also, however, some challenges. Kitagawa and colleagues (1998) reported that PCoAs exist in a small number of Mongolian gerbils, and this was confirmed by CastroPacheco and colleagues (2001), who found complete ACoAs or PCoAs in only 30% of Mongolian gerbils after bilateral occlusion of the CCA. Furthermore, as we have described, variations in CoWs include several patterns: Kitagawa and colleagues (1989) described four types of brain vasculature in the anterior carotid, and Mayevsky and Breuer (1992; Breuer and Mayevsky 1992 ) also reported four ACoA patterns, three of which were the same as those described by Kitagawa and colleagues. In addition, Mayevsky and Breuer studied PCoAs and found that, aside from the type in which the PCoA is completely absent (type B), there are two types in which either both PCoAs are intact or only the right PCoA is intact.
Relationships Between CoW Patterns and Symptoms
Since 1966 there has been general agreement that the degree of connection between ACAs is very important for determining the severity of ischemic symptoms in gerbil models of UCO (Levine and Payan 1966) . Kitagawa and colleagues (1989) investigated the relationship between CoW patterns and post-UCO cerebral ischemia and found that, after ligation of the unilateral CCA, 100% of gerbils in which the left or right ACoA was absent showed severe or moderate neurological symptoms, animals in which the right or left ACoA branches were smaller showed moderate or mild symptoms, and only two of the 18 gerbils with complete ACoAs showed (mild) symptoms.
Our statistical analysis of the CoW patterns and neurological scores of the different patterns showed that after UCO, more than 90% the gerbils with type II, III, or IV had a score of 3 or more.
Right circling in gerbils after occlusion of the right common artery is higher in those with the type II pattern of brain vasculature than in those with type III or IV, indicating that incomplete ACoAs (and specifically type II) are necessary for severe symptoms. The number of gerbils with right ptosis after UCO was higher in animals with type II than in those with type III or IV. Thus it is important to consider either the absence of ACoAs or smaller branches of ACoAs in the gerbil UCO model (to produce severe or moderate symptoms, respectively) and in the breeding of an ischemia-prone gerbil colony. The mechanisms underlying the variations in CoWs are unknown, but some scientists have suggested a genetic component (Laidley et al. 2005; Mayevsky and Breuer 1992) . Indeed, as explained above, our findings indicate that variations in CoWs are genetically determined and transmissible from parents to offspring and that there is a particularly close relationship between the ACoAs of mothers and their offspring.
Because vascular variability results in an uncertain and inconsistent degree of ischemic insult after UCO , a better solution might be to selectively breed gerbils that have a uniform type of CoW. We were able to predict the occurrence (in percentages) of ischemia in second and subsequent litters by establishing a UCO model in the first litter and using it to selectively breed highly ischemia-sensitive gerbils. An increase in UCO ischemia from 40% in the first generation to 75% in the fifth generation shows that this method is feasible: incomplete ACoAs increased from 35% in the F1 animals to 63% in the F5 animals, and incomplete PCoAs increased from 55% (F1) to 81% (F5). Thus incomplete CoWs and the proportions of UCO ischemia in this group of gerbils increased with the number of generations.
Due to some degree of inbreeding, reproductive obstacles and abnormalities developed in the F4 animals-the reproductive cycle lengthened (from about 100 days in the F1 group to about 150 days in F4), mating produced fewer or no offspring, neonates refused to suckle, and offspring exhibited abnormalities (e.g., short legs, missing fur)-and slowed the breeding process. To address these problems, we used backcrossing methods to mate seven gerbils with the same CoW patterns. Successful backcrosses such as these have not been previously reported; until now, only one low seizure-susceptible strain and one seizure-prone inbred strain of gerbils have been reported (Fujisawa et al. 2003; Loskota et al. 1974) .
Although the incidence of post-UCO ischemia is higher in the CMU F5 gerbils, it is unclear how to sustain the high incidence of post-UCO ischemia in the CMU gerbil. We are therefore continuing to produce inbred strains to enhance uniform CoW patterns and the stability of the UCO ischemia model in gerbils.
Conclusion
There are eight types of patterns of CoWs in Mongolian gerbils and they are inherited genetically (in particular, the ACoAs of mothers and their offspring are closely related). Post-UCO neurological symptoms correlate with CoW patterns: only gerbils with (1) both incomplete PCoAs and ACoAs or (2) smaller branches of ACoAs show moderate to severe neurological symptoms. With this knowledge we successfully established focal ischemia-prone strains of gerbils: the number of incomplete CoWs and the incidence of UCO ischemia in these animals were clearly and significantly higher than those in the F1 generation.
